Etiolated APena sativa L. seedlings grown in the presence of pbaculine (5-amino-1,3-cyclohexadienylcarboxylic acid) contained reduced levels of phytochrome as shown by spectrophotometric and immunochemical assays. Photochromic phytochrome levels in gabaculine-grown plants were estimated to be 20% of control plants, while immunoblot analysis showed that the phytochrome protein moiety was present at approximately 50% of control levels. Gabaculine-grown seedlings administered either 5-aminolevulinic acid or biliverdin exhibited a rapid increase of spectrophotometrically detectable phytochrome. Phytochrome concentrations estimated immunochemically did not similarly increase throughout treatment with either compound. Similar experiments with 5-antino(4-14C levulinic acid showed radiolabeling of phytochrome with kinetics that paralleled the spectally detected increase. These results are consistent with (a) the intermediacy of both 5-aminolevulinic acid and biliverdin in the biosynthetic pathway of the phytochrome chromophore and (b) the lack of coordinate regulation of chromophore and apoprotein synthesis in Avena seedlings.
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Light excitation of covalently bound phytochromobilin, the linear tetrapyrrolic prosthetic group -of phytochrome, drives a reversible photoconversion between Pr and Pfr-a process which initiates profound developmental changes in plants (18, 27) . Because of the central role of phytochrome as a mediator of photomorphogenesis in plants, knowledge ofthe metabolic processes that regulate its biosynthesis is of great interest. Two convergent pathways contribute to the overall biogenesis of the phytochrome holoprotein. One involves the synthesis of the apoprotein and the other, the synthesis of the chromophore and its attachment to the apoprotein. By comparison with our understanding of the autoregulatory role of phytochrome on the expression of its own gene(s) (5, 6, 23, 24) , comparatively little is known ofthe pathway ofphytochromobilin synthesis in plants. There have been two reports which support the intermediacy of ALA2 (2, 9) as well as a recent report that showed that phytochrome chromophore synthesis is not tightly coupled with apoprotein synthesis (14) ; however, direct experimental evidence for the chemical path of phytochromobilin biosynthesis is lacking.
The present work was undertaken to devise an in vivo experi-'Supported in part by a United States Department of Agriculture Grant GAM 8600976. 2Abbreviations: ALA, 5-aminolevulinic acid; PMSF, phenylmethylsulfonylfluoride; PEI, poly(ethyleneimine); SAR, specific absorbance ratio (A,%8/A280 for Pr); TEGE buffer, 50 mm Tris-HCI buffer (pH 7.8 at 5C) containing 25% (v/v) ethylene glycol and 1 mm EDTA.
mental system for introduction of exogenous putative chromophore precursors into the prosthetic group of phytochrome. Our study has relied on the observation that gabaculine (5-amino-1,3-cyclohexadienylcarboxylic acid), an irreversible inhibitor of mouse brain y-aminobutyric acid-a-ketoglutaric acid transaminase (25) , is a potent inhibitor of spectrally detectable phytochrome levels in etiolated corn, oat, and pea seedlings in vivo (9) . Gabaculine's capacity to inhibit phytochrome levels in etiolated Avena seedlings has allowed us to assess the efficacy of two compounds, ALA and biliverdin, to overcome this inhibition. Antisera. Polyclonal rabbit antisera to phytochrome were obtained through immunization with denatured and native 124 kD Avena phytochrome preparations which had SAR values in TEGE buffer of 1.05 and 0.87, respectively (20) . For denaturation, phytochrome (51 nmol) was dialyzed against 5% (v/v) acetic acid (3 x 1 L) at 5C using a minimum of 4 h between buffer changes. A second dialysis was performed under argon in 300 ml 5% (v/v) acetic acid at 5°C with a minimum of 4 h between buffer changes. The denatured protein when analyzed by 6 to 9% (T) gradient SDS-PAGE migrated as a single species (Mr 124 kD) and was stored as a lyophilized powder at -80C. Immunization of New Zealand white rabbits (2 per antigen) was performed as described previously (19) and antiserum was stored at -80°C after addition of 0.02% (w/v) NaN3. Native and dena-tured phytochrome antisera were used interchangeably in the present study.
MATERIALS AND METHODS
Extractions. A modification of our previously described extraction procedure was developed in order to quantitate phytochrome levels in small amounts of etiolated Avena tissue (20 Immunoprecipitation. Immunoprecipitations were performed on extracts purified through the (NH4)2SO4 stage of the purification procedure described above. Rabbit antiphytochrome antiserum (7.5 gl) was added to 100 0sl extract at 5°C, and the mixture was vortexed and incubated for 10 min at 5°C. A 10% (w/v) suspension of Staphylococcus aureus cells (Calbiochem) was then added (10 l/100 ,ul extract). The mixture was vortexed, allowed to stand for 10 min, and then centrifuged for 2 min in 1.5 ml tubes in an Eppendorf microfuge. The (20) .
Since the extracts typically had volumes of around 400 ,ul, a black masked microcell cuvette (2 mm width x 1 cm pathlength) was used for spectrophotometry. Spectral measurements on purified Avena phytochrome in our laboratory show that A668(Pr) = 0.86 A(AA) (15 Fluorography. Coomassie blue stained gels were treated with 2,5-diphenyloxazole in acetic acid (28) , and exposed to Kodak X-Omat AR x-ray film at -80°C.
Immunoblot Analysis. Electrophoretic transfer of proteins to nitrocellulose paper followed by immunochemical detection was performed by a modification of the procedure described by Towbin et al. (29) . Transfer was carried out for 2 h at 250 mamp constant current using a custom built transblot apparatus with 10 .5 cm between the electrodes. The BLOTTO milk buffer system was used for immunodevelopment (13) . All Figure 1 shows representative far-red minus red difference spectra obtained from Avena seedlings germinated in the presence and absence of gabaculine. Gabaculine treatment afforded an 81% inhibition of the spectrally detectable levels of phytochrome (Table I) . By comparison, gabaculine treatment had no measurable effect on the amount of total extractable protein nor did it lead to any obvious differences in protein patterns on SDS-polyacrylamide gels when compared with untreated plants ( Fig. 2; cf lanes 1 and 2, silver stained (Fig.  3) . Both led to a rapid increase in the spectrophotometrically 
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detectable level ofphytochrome but with different kinetics. These increases were significant and rapid, representing 2.5-and 3.0-fold increases in the levels of extractable phytochrome within 5 h (normalized to total protein) for ALA and biliverdin, respectively ( Fig. 3A ; Table II) . Control experiments with gabaculine or Hepes buffer alone (Table II) showed that the observed increases were indeed due to added ALA or biliverdin. By contrast with the spectral assay results, immunoblot analysis revealed little or no change in the level of phytochrome protein during the 5 h incubations ofthe excised shoot tips (Table II) . Moreover, SDS-PAGE analysis showed that none of the above incubation conditions led to measurable changes in the composition of the extractable protein from Avena seedlings (data not shown). While ALA treatment produced only a 6% increase in immunochemically detectable levels of phytochrome, biliverdin treatment led to a 27% increase (Table II) . Biliverdin treatment, however, led to a decrease in extractable protein per gram fresh weight (Fig.  3B ) which offsets this apparent increase in total phytochrome. By comparison, no significant change in total protein extracted per gram fresh weight was observed for seedlings incubated in the presence of ALA.
['4CJ ALA Feeding Experiments. Labeling studies were undertaken to distinguish between a general stimulatory effect or a specific incorporation of ALA into the phytochrome molecule. Using the methodology devised for studying the resynthesis of phytochrome, gabaculine-grown Avena seedling explants were supplemented with ['4C]ALA, and the time course of "4C incorporation into total soluble protein was determined by fluorography of SDS-polyacrylamide gels (Fig. 4) Figure 4 parallels the observed spectral increase seen in Figure 3 .
DISCUSSION
The small scale procedure utilized in this work enabled reproducible extraction of phytochrome in amounts easily detectable by spectroscopic and immunochemical assays. To account for variability in extraction efficiency, phytochrome concentrations were normalized to total extractable protein. Utilizing this experimental protocol, we have confirmed and extended the observations of Gardner and Gorton (9) that gabaculine treatment elicits a pronounced reduction of spectrophotometrically detectable phytochrome levels in developing oat seedlings. In our hands, an inhibition of approximately 80% was observed which contrasts with the 55% inhibition reported by those authors for oat seedlings. Regardless of the reasons for the quantitative differences between the two reports, on a qualitative level, gabaculine clearly is a potent inhibitor of spectrally active phytochrome synthesis in developing Avena seedlings.
Immunoblot analyses yielded an estimate for phytochrome in gabaculine-grown plants which was significantly greater than that estimated spectrophotometrically. For the young seedlings used in these studies, the amount of phytochrome determined spectrophotometrically was 30 to 40% of that measured by immunoblot assay. In agreement with Jones et al. (14) , these results suggest that excess apoprotein is present in gabaculine-grown seedlings and that synthesis of the apoprotein and chromophore are not tightly coupled in Avena seedlings. It is, however, possible that gabaculine treatment affords chromophore-bound phytochrome which is not photoreversible. Although gabaculine treatment leads to an apparent excess of apoprotein, on an absolute basis, the level of immunochemically detectable phytochrome in gabaculine-grown plants is 50 to 60% of the untreated control plants. This result contrasts with that observed in pea seedlings where the level of immunochemically detectable phytochrome in gabaculine-treated plants is the same as that in the untreated controls (14) . It is possible that our result for oat seedlings is due to differential reactivity of the polyclonal antibodies towards the holoprotein versus the apoprotein, leading to an underestimate ofphytochrome levels in gabaculine-treated plants. Alternatively, this reduced level oftotal phytochrome protein may indicate that chromophore and apoprotein synthesis are loosely coordinated, or that apoprotein and holoprotein are turned over at different rates.
The phytochrome re-synthesis experiments with gabaculinegrown seedlings administered ALA or biliverdin ( Fig. 3 ; Table II) indicate that both compounds are taken up by the plant tissue and overcome inhibition by gabaculine. That no such spectral increase is seen in gabaculine-grown seedling explants incubated in buffer alone shows that these effects are not due to an adventitious interaction between gabaculine and ALA (or biliverdin) preventing gabaculine uptake or leading to its destruction. Several factors could account for the spectral increases observed: (a) the compounds serve as direct chemical precursors of the phytochrome chromophore, (b) they indirectly stimulate de novo synthesis of the chromophore by inducing new enzyme production, or (c) they stimulate detoxification pathways for gabaculine. The (Fig. 3) . This lag is consistent with initial saturation ofintermediate pools for heme and Chl biosynthetic pathways which share ALA as a common precursor. As predicted in Scheme I, biliverdin would not enter these pathways. Alternatively, the kinetic differences could reflect differences in uptake of the two compounds. This study does not directly address that question. The second line of evidence supporting direct incorporation of the exogenous compounds comes from the observed radiolabeling of phytochrome in seedlings administered [4-'4C]ALA (Fig. 4) (1, 4) . Thus, the two structurally related bilatriene prosthetic groups likely share a common biosynthetic pathway which involves the formation of free linear tetrapyrrole precursors rather than the intermediacy of a heme protein precursor as proposed earlier (1 7). It is also worthy of note that the biliverdin used in the present studies is impure, the natural IXa isomer being but a minor component (21) . While it is reasonable to infer that the IXa isomer is responsible for the recovery of spectrally active phytochrome in Avena seedlings, the role of the other bilin isomers in phytochrome biosynthesis needs to be addressed. Perhaps these contaminants may be responsible for the observed toxicity of biliverdin towards protein levels in developing seedlings.
In conclusion, these studies support the biosynthetic pathway for the phytochrome chromophore illustrated in Scheme I. The data presented here also imply that the biosynthesis of the phytochrome chromophore and apoprotein are not tightly coupled in etiolated Avena seedlings. Thus, the potential for indebiliverdin IXa phytochromobilin Pr form of phytochrome pendent regulation of phytochrome levels through modulation of the pathway of chromophore biosynthesis exists and may prove to be an important means to mediate phytochrome levels in plants.
